The main gas-phase constituents of Titan's upper atmosphere, N 2 and CH 4 , are photolyzed and radiolyzed by solar photons and magnetospheric electrons, respectively. The primary products of these chemical interactions evolve to heavier organic compounds that are likely to associate into the particles of haze layers that hide Titan's surface. The different theories and models that have been put forward to explain the characteristics and properties of the haze composites require a knowledge of their optical properties, which are determined by the complex refractive index. We present a new set of values for refractive index n and extinction coefficient k calculated directly from the transmittance and reflectance curves exhibited by a laboratory analogue of Titan's aerosols in the 200-900 nm range. Improvements in the aerosol analogue quality have been made. The effects of variables such as the uncertainty in sample thickness, aerosol porosity, and amount of scattered light on the final n and k values are assessed and discussed. Within the studied wavelength domain, n varies from 1.53 to 1.68 and k varies from 2.62 × 10 −4 to 2.87 × 10 −2 . These final n and k values should be considered as a new reference to modelers who compute the properties of Titan's aerosols in trying to explain the atmospheric dynamics and surface characteristics. c 2002 Elsevier Science (USA)
INTRODUCTION
Solar photons with wavelengths between 100 and 160 nm photolyze methane and its principal products, the C 2 hydrocarbons, in the upper atmosphere of Titan. Energetic electrons coming from Saturn's magnetosphere dissociate molecular nitrogen, the dominant background constituent, leading to reactive N atoms. The primary products of these chemical interactions evolve to heavier organic compounds composed by C, H, and N that are likely to associate to form the particles of the haze layers that hide Titan's surface. Three haze layers have been recognized: two of them located between the 0.1 and 0.01 mbar pressure and the detached one visible in the ultraviolet, located above the 0.002 mbar pressure (Atreya 1986 , Morrison et al. 1986 ). The variation in brightness in Titan's disk was the first source utilized to get information on the nature, distribution, and properties of aerosols as summarized in Hunten et al. (1984) . This information has been complemented with experimental work. Laboratory simulations of Titan's atmosphere environment have demonstrated that long-time irradiations of CH 4 and N 2 mixtures with different energetic sources yields sticky, dark-color condensed materials proposed as good candidates to characterize Titan's aerosols (Sagan and Thompson 1984 , Scattergood et al. 1989 , Thompson et al. 1991 . However, important differences in their properties have been found because they strongly depend on the experimental conditions used to obtain the tholin materials, such as initial gas mixing ratios, irradiation time, and energy source, leading to differences in parameters such as the size, shape, chemical composition, and optical properties. The correct characterization of the properties, especially the optical ones, of an analogue that well resembles Titan's stratospheric aerosols is highly essential owing to the important role that the aerosols have in the radiative transfer processes in the atmosphere, which are responsible for, among other things, the atmospheric temperature profile , McKay et al. 1991 , Samuelson and Mayo 1991 and surface temperature value (Danielson et al. 1973 , Samuelson, 1983 . The interpretation of a variety of atmospheric remote-sensing data also requires knowledge of the optical properties of the aerosols, which can be described in terms of the complex refractive index, to compute good reference models , Griffith et al. 1991 , Cousténis et al. 1995 . Direct characterization of Titan's aerosols is currently impossible; therefore, the experimental approach becomes the best way to understand the physical and chemical properties of the aerosols and to make progress in the interpretation of their role in Titan's upper atmosphere. Khare et al. (1984) performed the first study under wellcontrolled experimental conditions and specially designed for the characterization of the complex refractive index of an analogue of Titan's aerosols. These authors determined the real (n) and imaginary (k) parts of the complex refractive index of the resulting product from a 15-mA direct current (DC) electrical discharge through a 0.2 mbar N 2 : CH 4 (9 : 1) gas mixture maintained by a 200-V potential difference between the electrodes and constantly flowing through a 1-l chamber at a rate of approximately 0.05 cm 3 s −1 . This material was referred to as "Titan's tholin" (Sagan and Thompson 1984) and was believed to adequately reproduce the aerosols expected for Titan's atmosphere. Khare and co-workers performed independent transmittance, reflectance, interference, and polarization measurements of Titan's tholin films deposited on glass or alkali halide substrates to obtain n and k from the soft X-ray to the microwave region. Due to the wide wavelength range studied, they made some sets of measurements within different spectral ranges and then used a Kramers-Kronig treatment to adjust the experimentally determined values to the calculated ones to get the entire n and k spectrum. These results have been used during the past seventeen years by several investigators and have formed the basis for a long series of interpretations (see, for example, the works of Rages and Pollack (1980) for the geometric albedo, Griffith et al. (1991) for the surface and tropospheric characteristics, and Lorenz et al. (1999) for the HST images) and microphysical models (for instance, the ones presented by McKay et al. (1989) , Toon et al. (1992) , and Rannou et al. (1995) ). The experimental work performed by Khare et al. (1984) in calculating the complex refractive index of Titan's tholins was scrupulously organized. Their values, correct within the experimental error of ±3% in the measured n values and ±30% in the measured k values, have been useful for the majority of the modeling works. Nevertheless, the use of a correction factor that varies with wavelength is always necessary to accomplish a good fit of the data. In the frame of the program to study the characteristics of Titan's aerosol analogues, Coll et al. (1999) characterized, by their infrared spectrum, the solid phase synthesized during simulation experiments performed under the most realistic possible laboratory conditions. When comparing their tholin spectrum to that of the tholins synthesized at Cornell University and used by Khare et al. (1984) for the calculation of the complex refractive index, several qualitative differences were encountered. This unexpected outcome led us to initiate a detailed study of the optical characteristics of this material. We present here a new set of values for the real and imaginary parts of the complex refractive index, defined by m = n + ik, of a laboratory analogue of Titan's aerosols. Improvements in the aerosol analogue quality have been made. We recovered the aerosol films directly deposited on quartz plates, under an inert atmosphere. Our n and k values are directly calculated from the transmittance and reflectance values exhibited by our samples in the 200-900 nm range and include 160 experimental points. The influence of sample thickness uncertainty, aerosol porosity, and amount of scattered light on the final n and k is calculated and discussed. Instead of presenting absolute values for the complex refractive index parameters, we have determined an interval within which they can be located. Our data can be seen as a new point of reference to modelers who compute the properties of Titan's aerosols and can be used to see how their optical properties influence the matching of the observed atmospheric spectra. This article is organized as follows: Section 2 describes the synthesis of the aerosol analogues. Section 3 briefly describes the optical methods utilized and the calculations performed for the calculation of n and k. The results are presented and discussed in Sections 4 and 5. Section 6 summarizes our conclusions.
AEROSOL ANALOGUE SYNTHESIS
An N 2 : CH 4 (98 : 2) gas mixture was subjected to a DC cold plasma discharge, resulting in the production of thin films of yellow to light brown solid reaction products. We selected the methane content in our mixture from its mole fraction value estimated for Titan's stratosphere after the reanalysis of Voyager 1 measurements by different techniques (Lellouch et al. 1989 , Kouvaris and Flasar 1991 , Strobel et al. 1993 . The simulated atmosphere has therefore a closer similarity to Titan's stratospheric conditions than does the crude mixing ratio of 10% methane used in the simulation experiments performed during the 1980s. The implications of this selection are discussed in Section 5.
The experimental setup is shown in Fig. 1 . The mixture (99.99995% purity from Linde) continuously flowed to a Pyrex reactor in which the cold plasma discharge took place. The reactor vessel was 25-cm long with 18-and 9-mm internal diameter upper and lower arms, respectively, and extensions of 18-mm internal diameter with condensing spirals for the input and output of the reactant gas mixture. A rotary pump was used to allow the transit of the gas mixture. The pressure, 1 mbar at room temperature, was controlled with a needle valve attached at the exit of the reactant mixture tank and its value was read in a lowpressure sensor. A stainless steel flexible hose and stopcocks were used to fasten the reactor to the mixture's tank and to the rotary pump. The DC cold plasma discharge was generated by a potential difference of ∼4 kV between two iron electrodes, covered with mica to avoid metal contamination. Iron was selected for its good physical and electrical properties, its high melting point, and low ionization potential. The electric potential difference is established by a high-impedance DC generator with maximum current output of 200 mA. The reactor was toped with a plastic cap that permitted placement of adequate optical quality substrates on the upper arm for the solid-product deposition and later analysis. Films of the solid products were also observed on the reactor arm walls.
Thin films of our aerosol analogues produced with different irradiation times with the cold plasma discharge maintained at 280 W were deposited on quartz slides (12 × 45 mm, Suprasil). For a sample exposed during 1-h irradiation time, a pale orangebrown transparent homogeneous film could be seen by the naked eye. Stronger coloration intensities could be observed when the irradiation time was increased. Due to the spectroscopic technique selected to perform the study, we can only work with transparent samples. After analyzing the transmittance curves obtained for 1-, 2-, 4-, 8-, and 10-h, irradiation, we decided to perform the calculations of n and k only on the samples produced after 120 and 240 minutes of irradiation (samples 2H and 4H respectively) because they exhibited the best transparency. The region of the plasma discharge remained in close contact with the slide surface during the entire irradiation time. It was observed that in the course of an experiment the current input had to be increased to maintain a constant power value. This can be attributed to an increase in the total resistivity of the system (i.e., the gas-phase reactant mixture and the formed solid film). Increments of some 2 to 4 mA were necessary to keep a constant value of 280 W during the entire irradiation time. Although a formal estimation of this variation was not performed, for the 2H sample the final current value was around 82 mA, while for the 4H sample it was around 92 mA.
The protocol developed at LISA allows sample recovery without terrestrial atmospheric contamination. An elemental composition analysis was performed on one of our samples, produced as described above, in the Microanalysis Service of CNRS, Gifsur-Ivette, France. The amounts of carbon, nitrogen, and hydrogen, were determined by combustion and that of oxygen was determined by calculation (completion to 100%). Samples are prevented, as much as possible, from any contact with potential atmospheric contaminants (O 2 , CO 2 , H 2 O vapor). Once the irradiation was stopped, the samples were kept in polystyrene bags, under an inert atmosphere of nitrogen, and these remained closed until the spectroscopic measurements were done. One oxygen atom for every 150 atoms of C, H, and N was found. These results seem very low compared with those reported by previous experimental syntheses of Titan's aerosols. reported an oxygen content of 17% in the Titan's laboratory tholin. McKay and Toon (1992) suggested that the presence of oxygen was the result of oxidative processes occurring when the tholin was allowed to have contact with the atmosphere. McKay (1996) , using an experimental setup similar to that of , produced a brown material that still had a high oxygen content. He reported values of up to 12% oxygen atoms, which means the presence of 1 oxygen atom for every 15 C, H, and N atoms. The implications of these differences are discussed in Section 5.
OPTICAL MEASUREMENTS AND CALCULATIONS
The heterogeneity of our samples, their roughness, and their nonuniform thickness limited the choice of the optical techniques and methods usable to correctly determine the complex index value. We therefore chose reflectance and transmittance measurements and solved the Abelès equations (Abelès 1967) for thin films provided the film thickness is known.
Film Thickness Measurements
The fluorescence of the aerosol analogue films was excited with a wavelength of 488 nm (argon laser) and the films were observed with a confocal microscope (Zeiss LSM 410) to determine their thickness. A lens with a 63× magnification and a 1.4 aperture was used. The pinhole was set to give resolutions of 0.21 µm in the XY plan and 0.52 µm in the Z direction. The inset shown in Fig. 1 represents a Z section of an aerosol film. Film thicknesses of 3 ± 1 µm for the 2H irradiation sample and 4 ± 1 µm for the 4H irradiation sample were deduced from the Z confocal images. Even if limited in its intrinsic accuracy, this method gives a good estimate of the mean thickness because its variations along the film are directly visualized. Moreover, these confocal images point out the porosity of the aerosol analogue films, allowing a rough estimate of its value at less than 0.3 to be made in these samples.
Transmittance and Reflectance Measurements (Specular and Diffuse)
Specular transmittance and reflectance measurements were performed on samples 2H and 4H from the near ultraviolet (200 nm) to the near infrared (900 nm) by using a Cary 5 (Varian) spectrophotometer. The corresponding 4-h irradiation sample plots are shown in Fig. 2 . Typically, the specular optical properties are observed on mirrorlike surfaces. This does not mean, however, that the aerosol analogue films behave like mirrors. They are transparent enough to allow the transit of the incident radiation through the quartz plate, behind which a standard mirror is placed. In this way, the one-to-one correspondence between incident and reflected or transmitted rays can be obtained. During the reflectance measurements the incident ray, the corresponding reflected rays, and the normal to the surface at the point of incidence all lie in the same plane. This is the traditional way of measuring the reflectance of a surface or medium. In our samples, transmittance measurements were made under normal incidence while reflectance measurements, performed with a V-W attachment, were made under an 8
• incidence. To check the reproducibility of our deposition technique, we measured the specular transmittance of two different 4H samples prepared under the same deposition conditions, but at different times. Figure 2a points out the excellent similarity displayed by the two samples and achieved by our experimental technique. This similarity is a remarkable achievement of the present work, since previous experimental simulations have not obtained good reproducibilities of the transmittance measurements, even when performed on the same sample. Such is the case of the set of transmittance graphs determined by McKay (1996) from samples of different methane mixing ratios (see Fig. 6 ).
We also performed transmittance and reflectance hemispherical measurements on sample 4H with an integrating sphere to measure the light scattered by the sample, which is not taken into account in the specular measurements. The term hemispherical is applied to the fraction of a given incident flux that is usually reflected to all directions from a mirror like surface or medium. This fraction of flux corresponding to a given wavelength range is captured by a special device known as an integrating sphere. In this way, it is possible to complement the one-to-one measurements performed in the specular mode. The amount of scattered light is less than 0.05 in transmittance and less than 0.015 in reflectance, corresponding to scattering ratios respectively of the order of 5.5% and 19%. The scattering is therefore not negligible and must be taken into account in the complex refractive index calculations.
The curves in Fig. 2 , especially the reflectance ones, show oscillations due to interference in the thin films. Theoretically, the product n × d (refractive index multiplied by thickness of the film) might be deduced from these interference patterns (Swanepoel 1984) . However, one can notice that the transmittance and reflectance interfringe peaks and valleys do not match. This is due to the nonuniform thickness of our low-quality optical samples (which nevertheless do not destroy the interference phenomenon) coupled with the fact that the area sampled by the measurement beam is slightly different in transmittance and reflectance. The presence of inhomogeneities drastically changes the spectra, and the formulas used for uniform films are no longer valid (Swanepoel 1984) . We therefore got only an estimate of the product n × d by using this interference pattern. To make our measurements independent of these incompatible interference patterns in the optical spectra for the calculation of the complex index, we treated these measurements to suppress the effect of coherence (Grigorovici et al. 1982 , Swanepoel 1984 , Demichelis et al. 1987 . The result of this treatment is shown on the 4H reflectance curve in Fig. 2b . Reflectance (b) values as a function of wavelength of Titan's aerosol analogues produced from a 2% CH 4 in N 2 gas mixture after a 4-h irradiation with a DC cold plasma discharge. The thickness of the aerosol analogue layer is 4 ± 1 µm. Figure 2a shows the transmittance curves of two different 4-h samples. They exemplify the reproducibility and high accuracy of our experimental techniques. Figure 2b shows the oscillations in the reflectance values due to the interferences that the aerosol analogue films induce in the light pathway. The reflectance graph obtained after suppressing this coherent effect is also shown. The lowest curve in Fig. 2b represents the reflectance data of an 8-µm sample.
FIG. 2. Transmittance (a) and

Complex Refractive Index Calculations
In addition to the wavelength the reflectance (R) and the transmittance (T ) values depend on the following parameters:
1. refractive index, n, 2. extinction coefficient, k, and 3. mean thickness of the film, d.
Following the Abelès formulas established for the case of incoherent thin films (see Appendix) n and k values are extracted wavelength by wavelength in the range 200-900 nm, from the 160 experimental points using a weighted gradient method. This is clearly a difference from the multiple methods used by Khare et al. (1984) (Kramers-Kronig, ellipsometry, interference, Brewster angle), which allowed these authors to get a continuous determination of k from 10 measurements in the 200-900 nm spectral range.
RESULTS AND DISCUSSION
Transmittance and Reflectance
Qualitatively, it can be seen (Fig. 2 ) that our films absorb light below 500 nm and their transparency increases beyond this wavelength. Therefore, they display a behavior similar to that observed in Titan's aerosols (Rages and Pollack 1980, Neff et al. 1984) : They are highly absorbing in the ultraviolet. A deposition rate, under our experimental conditions, of approximately 1 µm film thickness per irradiation hour was also estimated.
If a comparison between our resulting transmittance curves and those reported by previous experiments is done, there are some particularities about the aerosol films that we must recall. It has been suggested that the optical properties are highly dependent on a number of experimental consideration such as the N 2 : CH 4 initial gas mixture ratio, the selection of energy source and its intensity, the pressure and temperature of the reactant mixture, and the contamination of the samples by the laboratory atmosphere (Coll et al. 1999) . It seems that the differences in the conditions under which aerosol analogues are produced is a barrier to the complete understanding of the solid organic phase produced in the laboratory. Despite this problem, the transmission curves of thin films of tholin produced by irradiation with a Tesla coil (McKay 1996) and by a radio-frequency discharge (Khare et al. 1987) in N 2 : CH 4 mixtures with different ratios and thickness have been compared by McKay (1996) . The procedure used in that paper for comparing the transmittance curves of samples with different thickness and compositions consisted in normalizing the transmittance of the different samples to the fixed value of 0.9 at a reference wavelength of 750 nm. This comparison is meaningless for the transmittance and reflectance, which depend on the thickness of the films (see Appendix). The thickness value is unknown in McKay's samples and is considerably variable in Khare's samples. A correct comparative discussion of the intrinsic optical properties of these samples can only be made on their complex index or dielectric function. Nevertheless, a comparison is possible on the transmittance (or the reflectance) curves if the samples to be compared have the same thickness, or, at least if their thickness is known. In the latter case, a comparison of the extinction coefficients (k) can be made, through a crude evaluation of its values from the transmittance by using the approximation T = T 2 0 exp(−αd) with α = (4πk)/λ and T 0 being the transmittance at the interfaces, assumed to be the same for the different films and independent of the wavelength (Abelès 1967) . Because the thicknesses of the films compared by McKay (1996) in his paper were not determined, it is impossible to apply this approximation to the treatment of their transmittance values. We will therefore only compare, at the end of this paper, our results on the complex index with similar results available in the literature.
Complex Refractive Index
We present n and k spectral variations of two samples (2H and 4H) in Fig. 3 . They qualitatively look like quantities related by causality (Kramers-Kronig relations), which means that n presents an inflection point at a wavelength where k exhibits a maximum. This happens while n decreases from low to high wavelengths. From Fig. 3b , the maximum k value (0.051) is located at 315 nm for sample 2H; for sample 4H it is located at 290 nm and has a value of 0.044. The inflection points in the n graphs, even when they are not very evident in Fig. 3a , must be located around the wavelenghs of these k maximum values. The two samples are supposed to differ only in their thickness. They should therefore exhibit the same n and k values within the experimentally determined thickness uncertainty. It is well verified on n, where the values show errors of 0.022 ± 0.04% for the 2H sample and 0.026 ± 0.04% in the case of the 4H sample. However, k spectral values differ more perceptibly. The calculated error value for the 2H sample is 35.24 ± 0.12%, while for the 4H sample it is is 25.98 ± 3.23%. These discrepancies can be attributed either to different chemical compositions or to different morphologies of the samples. They can also, more simply, be due to the effect of the uncertainties in the knowledge of some parameters or effects that act on the measured optical properties. The observed similarity in the transmittance values of samples 2H and 4H (Fig. 2a) obtained from different deposited films eliminates the validity of differences in the composition of our samples. On the other hand, the roughness and nonuniformity in thickness displayed by our aerosol analogues, parameters directly related to the morphology, made us consider the influence of thickness uncertainties, porosity, and light scattering to explain the discrepancies on the value of the complex index.
Influence of Sample Thickness Uncertainty
Due to the relatively large uncertainty in the thickness measured from our samples, we have made the calculation of n and k for the mean and extreme values of d to get boundaries for their variation (Figs. 3a and 3b) . On sample 2H, d = 3 ± 1 µm. On sample 4H, d = 4 ± 1 µm. The n values are not strongly affected within the range of variation (Fig. 3a) . In contrast, k strongly decreases as thickness increases (Fig. 3b) . These results follow the qualitative dependence of R and T on n, k, and d in the framework of the incoherent optical treatment that we applied to our samples. On the one hand, R = [(n − 1) product k × d. Therefore, for a given experimental value of T , a variation of d will essentially affect the k values to keep the product k × d constant. The behavior of n is very similar for the two samples; in both cases it monotonically decreases from 1.68 to 1.53 between 200 and 900 nm. The behavior of k shows a displacement in the maximum value occurring, respectively, at 325 nm and 300 nm for 2H and 4H samples. Nevertheless, the position of this maximum is not affected by the variations of the thickness. Other parameters not directly involved in the formula of n and k, for example, the porosity and roughness of the samples, may influence their values and their spectral variations. Coll et al. (1998) had previously pointed out the porous nature of the aerosol analogues using scanning electron microscopy. Note. Values are normalized to 1 for p = 0. The figures represent the multiplicative factor that must be applied.
Influence of Porosity
conditions. These authors find that the CH 4 /N 2 ratio has a strong effect on the tholin morphology. Neither differences in the total pressure nor in total flux affected particle size. Nothing is concluded about the porosity values of the samples. However, some of the pictures included in their paper show the porous nature of the tholins. Those observations have been confirmed using the present experimental simulation by observing different samples under confocal microscopy (see the inset in Fig. 1 , for example). We thus have deduced very approximate values of the porosity in the 2H and 4H aerosol analogue samples from their micrographs. We evaluated the variations of n and k for a range of air content between 0 and 50%. We used the effective medium model of Maxwell-Garnett (Maxwell-Garnett 1904) for this calculation. The effect is essentially a uniform increase of n and k with increasing porosity values and a very slight shift of the k maximum toward short wavelengths. We therefore approximate this uniform increase by a multiplicative factor. Its maximum values, for the two samples in the porosity range from 0.0 to 0.5, are represented in Table I . One can observe that the air content has a strong influence on n and k. For example, increasing the porosity in the sample to 0.3 induces an increase of 41% in k and of 14% in n.
Influence of Light Scattering
The calculations of the complex refractive index values presented above were performed using the specular measurements. We have shown in Section 3.2 that the amount of scattered light measured on our samples is not negligible and must be considered in the calculation of the complex index parameters. The calculations performed with specular measurements take into account reflectance and transmittance measurements lower than the total values measured when using an integrating sphere. This leads to an underestimation, mainly of the absorption coefficient k. Figure 4 shows the n and k values computed from the specular and hemispherical measurements of transmittance and reflectance performed to sample 4H. A qualitative comparison between the two sets of values can be made. As observed from Fig. 4a , the n values are not so strongly affected. They exhibit a relative uniform increase of about 5% through the entire wavelength range. Figure 4b shows two important things: (i) that the maximum k value increases at approximately twice its specular value and (ii) that its position has been shifted from 350 to 300 nm. The decreasing effect vanishes toward long wavelengths.
DISCUSSION
To summarize the effects of the different parameters envisaged above we have plotted mean values of n and k in Fig. 5 . The graphs are the result of 160 transmittance and reflectance experimental measurements. The error bars resulted from the effect of the sample thickness uncertainty and of the scattered light on the n and k calculated values. In the same graphs, we show the results of Khare et al. (1984) . In this section we present some arguments to explain the observable differences. One must first recall that the two plotted sets of values were calculated from different protocols and from samples synthesized under different experimental conditions. As mentioned in Section 4.1, previous experiments (McKay 1996) have demonstrated a strong variation of the transmittance values on thin films of tholin material produced from mixtures with different CH 4 concentrations, as illustrated in Fig. 6 . There is also a disagreement in the transmittance values between the tholins produced with the same initial CH 4 mixing ratio but using different techniques, as demonstrated in the same paper by McKay when he compares his work with that of Khare et al. (1984) . We have no evidence to state that the differences between our calculated complex refractive index values and those existing in the literature are due only to the difference in composition. No reported study exists where a wide systematic variation of methane content and calculation of the complex refractive index have been performed following the same experimental and mathematical procedure. We present here the first attempt to initiate such a study. We imply that there must be a relationship between the initial methane content and the final optical properties of Titan's aerosol analogues, but we would need to produce an exhaustive experimental and mathematical work before arriving at a confirmation. Before proceeding to a direct comparison of our results and the values of Khare et al. (1984) we must take into account that the porosity will apply a multiplicative factor larger than 1 to these values (see Table I ), especially to the extinction coefficient values that remain one order of magnitude lower with respect to those of Khare et al. (1984) . This correction does not modify, however, the shape of the curves. Consequently, our results look considerably different from those of Khare and co-workers. The variations in our n values are much less contrasted and weaker. The resulting graph lacks the structure between 100 and 400 nm observed in graph. A maximum in k in the near UV (300 nm) is observed in our values but is not present in results. These characteristics indicate that our values follow more closely the causal relationship between n and k curves even when they were not calculated using the Kramers-Kronig technique.
We have pointed out the main differences that exist between our work and previous determinations of optical properties of Titan's aerosol analogues. We now attempt to explain the way by which the intrinsic parameters of our aerosol analogues can contribute to these differences. The difference in the methane content is considered first. One of our main objectives was to perform the synthesis of the aerosol analogues in an environment that resembles that of Titan's stratosphere. Besides temperature, the other more significant parameter in the synthesis of the aerosol analogues is the initial methane content. We have selected the methane mixing ratio of our simulated stratosphere based on existing information. Several different reanalyses of the Voyager data can exemplify this: Lellouch et al. (1989) determined a wide methane mole fraction range (0.5 to 3.4%) for the stratosphere of Titan from the refractivity profiles of the radiooccultation experiment. Kouvaris and Flasar (1991) delimited the values to a CH 4 mole fraction of 1.7 ± 0.1% from the cold trap up to the stratosphere. Strobel et al. (1993) determined a stratospheric methane mole fraction ≤2.6% from a reanalysis of the Voyager UVS solar-occultation measurements. The most recent determination is the one done by Courtin et al. (1995) , who, upon reanalyzing the Voyager infrared measurements, expanded the range of the CH 4 mixing ratio from 1.7 to 4.5%
FIG. 5.
Final values for the n and k parameters determined from our Titan aerosol analogues including the thickness and scattering effects. Khare et al. (1984) values correspond to the curves without error bars.
in the stratosphere. Thus we selected the value of 2% methane content as the most representative for Titan's upper atmosphere, according to the actual estimations. Scattergood et al. (1988) were the first to suggest that the optical properties of Titan's tholin depend on the CH 4 to N 2 ratio in the initial gas mixture. Some years later, McKay (1996) , using an experimental setup similar to that of the Cornell group, prepared thin films of the "Titan tholin." The films were deposited on quartz slides and were prepared with CH 4 mixing ratios varying from 3 to 100%. A plot of transmission versus wavelength shows reproducible curves when the measurements were performed on different locations in the same sample, as illustrated in Fig. 6 by the different curves of 20 and 70% CH 4 content. However, variations of more than a factor of 2 were found on samples that had the same initial amount of methane but had been deposited on different slides. This is the case of the 10, 50, and 100% CH 4 curves presented in the same figure. McKay (1996) compared his results with those of Khare et al. (1984) and found that the Cornell's tholins were darker for similar experimental conditions (see Fig. 6 ). From these results McKay confirms that the optical properties of laboratory tholins strongly depend on the CH 4 to N 2 ratio. He found a darkening in the tholin material with increasing methane concentration. However, he did not find an explanation for the disagreement between the optical properties of his tholin and that produced by Khare et al. (1984) . Our transmittance results for a 2% methane content are within the range of values reported by Khare et al. (1984) and McKay (1996) , as shown in Fig. 6 . All sets of data have a similar wavelength dependence. This is important because the observed slope has been considered as a fingerprint for Titan's aerosols. However, it is not possible to perform a direct comparison of the results, as explained in Section 4.1, owing to the lack of thickness measurements in the case of McKay's study. In contrast, a wide range of thicknesses, from 0.6 to 20 µm, is reported for the samples of Khare et al. (1984) . This causes a problem when trying to compare the magnitude of the absorption using the Abelès formulas, since Khare et al.'s (1984) samples do not exhibit single values but an extended interval within which we can place the absorption of our 2H and 4H samples.
Another parameter that can contribute to explaining the observed differences is the absence of contamination. From the elemental composition analysis we can affirm that our samples do not significantly incorporate terrestrial atmospheric gases (O 2 , CO 2 , H 2 O vapor). As explained in Section 2 this kind of contamination was not determined in Khare et al's (1984) work.
We cannot establish any correlation between the shapes of our n and k graphs and the absence of contamination. We infer that they can, in part, be explained by this fact, which at the same time strengthens the quality of our aerosol analogues. Another difference that must be mentioned is the time the samples were exposed to the discharge irradiation. The "Titan tholin" was irradiated by three days and resulted in samples of 0.6-to 20-µm thickness. McKay (1996) irradiated his samples for three weeks but did not determine the thickness of his samples. We performed the irradiation during 2 to 4 h and got samples 2-to 5-µm thick. It is evident that the main effect of over-irradiation is the growth of the sample. This has, as a consequence, a darkening that is evident from the transmittance graphs (see Fig. 6 ). The reflectance data for the 8-µm sample have been added to Fig. 2b . They represent an upper limit of the reflectivity that may exhibit a layer of a solid material, similar to the aerosol analogues that we have synthesized in the present work, deposited on the surface of Titan.
The chemical transformation of the simulated stratosphere was performed by a glow discharge. The main propagation mechanism for this type of discharge is the electron impact. In addition, it emits a considerable fraction of radiation that corresponds to wavelengths in the visible and ultraviolet domain (Chang et al. 1991) . The cold plasma generated by the glow discharge is very active and energetic and allows the dissociation of the initial CH 4 and N 2 molecules. At the same time it avoids the existence of the very high temperature gas environment typical of the hot plasmas produced by electrical discharges generated by Tesla coils or by laser beams. The main driving mechanism in Titan's upper atmosphere is UV radiation; this means an energetic source that produces cold plasmas. By using a glow discharge we are ensuring that we are not initiating a chemistry different from that produced by energetic saturnian electrons and short-wavelength UV solar radiation.
CONCLUSIONS AND APPLICATIONS TO TITAN
We synthesized Titan's aerosol analogue films free of laboratory contamination using an initial gas-phase mixture that closely resembles the satellite's stratosphere. The heterogeneity and roughness recognized in our samples guided our selection in the optical techniques used to more accurately estimate their complex optical index. We discussed and graphically represented the influence of film thickness uncertainty, amount of scattered light, and porosity in the n and k values, with the extinction coefficient (k) being the most affected. As observed in Figs. 3 and 4, an increase in the film thickness and a smaller amount of recovered scattered light resulted in a decrease in the maximum k value. As the k curves decrease toward long wavelengths the effect weakens. Table I shows that the porosity affects k in a reverse way and considerably higher values are calculated for high porosity levels. We summarize the effect of the studied parameters in Fig. 5 and tabulate the n and k values with their uncertainties in Table II . The data are available on the Internet at http://www.astroquimica.nuclecu.unam.mx/Titan nk. html. Within the wavelength domain of 200-900 nm n varies from 1.53 to 1.68 and k varies from 2.62 × 10 −4 to 2.87 × 10 −2 . It is important to notice that, regardless of the differences in magnitude, our work shows a k slope similar to that displayed by the "Titan tholin" synthesized by Khare et al. (1984) . This slope has been considered as a fingerprint for the stratospheric aerosols of Titan. Sagan and Thompson (1984) demonstrated that no other material, different from the solid produced by irradiation of methane and nitrogen mixtures, exhibits the reflectivity necessary to match the observed reflectivity of Titan at wavelengths uncontaminated by methane absorption bands. The slope observed in the solid produced by laboratory simulations is consistent with available observations of Titan in the infrared and ultraviolet. The visionary nature of the work of Khare and Sagan performed seventeen years ago remains. They anticipated astrobiology and used the best cutting-edge techniques in pioneering research available at their time to obtain useful results. We have demonstrated, however, that improvements in the synthesis methodology, simulation machinery, and calculation methods yield different but also valid results. Information about Titan's atmosphere and surface is constantly being derived from direct or ground-based observations. To satisfactorily explain these observations, models need to be computed with information that comes, in most of the cases, from experimental simulations. The results that we present here need to be tested against the latest Titan's geometric albedo curves to verify agreement.
As pointed out by Taylor and Cousténis (1998) , for the past seventeen years Khare et al's (1984) data were the only optical Note. n and k numbers correspond to absolute limits. They are calculated from the variation in the n and k values obtained after considering the effect of the thickness uncertainty and the amount of light scattered by the two samples (2H and 4H).
constants available to be used in radiative transfer studies of Titan's haze and have remained as the "typical" laboratory reference. We expect that the data of the present work will be particularly useful for explaining Titan's albedo behavior, specifically the flat appearance observed in the UV domain. They can also help to clarify the nature of the dark and bright regions observed on Titan's surface. According to Griffith et al. (1991) and Smith et al. (1996) calculated albedos of Titan's surface are consistent with a surface in which regions of water ice or weathered high terrain can be differentiated from dark material. Possible candidates for the dark material are ethane-methane lakes or sediments of organic solids with a low reflectivity. Our aerosol analogues display a monotonic reflectance value of 0.07 for wavelengths longer than 700 nm, and exhibit reflectance values as low as 0.03 around 450 nm, as shown in Fig. 2b . If one assumes that this reflectance value is low enough and geologic time has allowed the formation of a thin aerosol coating, our aerosol analogues can qualify as an appropriate material for explaining the presence of dark features on Titan's surface. Our results can also contribute to the interpretation of the data collected by the different scientific instruments onboard the Cassini-Huygens spacecraft such as the DISR (descent imager/spectral radiometer), the ACP (aerosol collector and pyrolyzer), the UVIS (ultraviolet imaging spectrograph), and the VIMS (visible and infrared mapping spectrometer). Among the many scientific objectives of these instruments are the determination of the satellite's atmospheric composition and the study of the physical, chemical, and optical properties of the aerosols. Current work is being developed to extend the calculations of n and k to the 0.9-2.5 µm range. These measurements will be useful in constraining the observations of Titan's surface through some of the methane windows, mainly present in the IR domain. Values of the optical constants of the aerosols and ices expected to exist on Titan's surface will be needed to constrain all the data received from the Cassini-Huygens mission.
APPENDIX
Formulas used in the incoherent treatment of transmittance and reflectance data (Abelès, 1967 a = (n − n o ) 2 + k 2 b = (n + n s ) 2 + k 2 c = (n − n s ) 2 + k 2 e = (n + n o ) 2 + k 2 r = n 2 o + n 2 s (n 2 + k 2 ) − n 2 o n 2 s − 4n o n s k 2 − (n 2 + k 2 ) 2 t = n 2 o + n 2 s (n 2 + k 2 ) − n 2 o n s 2 + 4n o n s k 2 − (n 2 + k 2 ) 2 s = 2.k.(n s − n o )(n 2 + k 2 + n o n s ) u = 2.k.(n s + n o )(n 2 + k 2 − n o n s ) η = 2.π.d/λ k = extinction coefficient n = refractive index n o = incident medium refractive index n s = substrate refractive index d = aerosol film thickness λ = wavelength
